Whole-blood samples were obtained from 214 white-tailed deer (Odocoileus virginianus) representing 44 sites in Connecticut (USA) during 1992, 1993, 1996, 1999, and 2000 through 2006. Sera were analyzed for total antibodies to whole-cell or recombinant antigens of Borrelia burgdorferi sensu stricto and Anaplasma phagocytophilum, the respective causative agents of Lyme borreliosis and human granulocytic anaplasmosis. Deer sera contained antibodies to both bacteria during different seasons and throughout the 11-yr study. Of the 224 sera tested, 141 (63%) contained antibodies to whole-cell B. burgdorferi in a polyvalent enzyme-linked immunosorbent assay, whereas 124 (55%) were positive to whole-cell A. phagocytophilum by indirect fluorescent antibody staining. Use of highly specific recombinant antigens (VlsE of B. burgdorferi and protein 44 of A. phagocytophilum) provided strong confirmatory results of past or current infections. There was coexistence of antibodies to whole-cell or recombinant antigens of both agents in 72 (32%) sera. Analyses of 18 sera from eight deer that were marked, released, and recaptured, showed minimal changes in antibody titer over sampling time intervals ranging from 17 days to 5.1 yr. Relatively high antibody prevalences for both bacterial agents in different seasons and years reaffirm that there are well-established foci for both tick-borne infections and probably reflect frequent exposure of deer to infected Ixodes scapularis ticks. November and December is a suitable period to obtain blood samples from deer to conduct serosurveillance for both bacteria.
INTRODUCTION
Human and wildlife infections, caused by Borrelia burgdorferi sensu lato and Anaplasma phagocytophilum, occur in temperate regions where Ixodes scapularis or related ticks abound (IJdo et al., 2000; Goodman, 2005; Steere et al., 2005) . There is substantial serologic evidence of these bacterial infections in white-footed mice (Peromyscus leucopus) and whitetailed deer (Odocoileus virginianus), which has helped determine geographic distributions of these pathogens in localized settings (Magnarelli et al., 2004a (Magnarelli et al., , 2006 . Compared to studies on mice, reliance on serosurveillance data of white-tailed deer can be particularly useful because these animals are heavily parasitized by all motile stages of I. scapularis and produce high concentrations of antibodies to both tick-borne pathogens. Also, larger quantities of blood easily can be obtained from deer, which facilitates more extensive testing to determine if antibodies to or the DNA of disease agents are present.
Most serologic and tick studies of deer rely on sampling during November and December (Gill et al., 1993 (Gill et al., , 1994 Magnarelli et al., 2004a) , a convenient time for collecting large numbers of specimens as a part of hunter-harvest programs. However, it is unclear if this time of year is best for determining antibody prevalence. Little is known about the prevalence of antibodies to multiple pathogens in deer during other seasons. Moreover, it is unclear if antibody titers in individuals change over time or if there are shifts in seasonal trends of deer that are antibodypositive to tick-borne pathogens. The main objectives of this study were to measure antibody titers for B. burgdorferi and A. phagocytophilum in white-tailed deer sera obtained in different seasons and years, determine periods of high antibody prevalence and if seroconversions or reversions occur, and to further assess the use of recombinant antigens to confirm results of assays with whole-cell antigens.
MATERIALS AND METHODS
Whole-blood samples were collected from 214 deer in 44 towns, in all eight counties of Connecticut, USA during 1992 USA during , 1993 USA during , 1996 USA during , 1999 USA during , and 2000 USA during through 2006 and were centrifuged to obtain sera for testing. Some sera, obtained as a part of other studies, were stored at 260 C as previously described (Magnarelli et al., 2004a) and retested for this study. The geographic distribution of deer samples included towns located in extreme western (New Fairfield; 41u279N, 73u299W) , eastern (Voluntown; 41u349N, 71u529W), northern (Union; 41u599N, 72u099W), and southern (Fairfield; 41u089N, 73u159W) Connecticut. The main study group consisted of 224 sera obtained during January, February, March, and from July through December. The ages of 105 deer were determined by examining dental patterns and tooth wear (Severinghaus, 1949) . A mark-release-recapture program was conducted in a tick-infested, forested area of North Branford, Connecticut (41u209N, 72u469W) in New Haven County during 2000 through 2006. At this site, 94 whole-blood samples were drawn by venipuncture from tranquilized animals following research protocols approved by an Institutional Animal Care Use Committee at the Connecticut Agricultural Experiment Station (CAES). Of these, 18 samples were available from eight deer to determine changes in antibody concentrations over time. In addition, 20 deer sera were selected from frozen archived collections at the CAES and used as negative controls in antibody tests. These samples were originally collected from deer in 1993 and represented the following towns in northwestern Connecticut: Cornwall (41u509N, 73u199W), Kent (41u429N, 73u269W) , Salisbury (41u599N, 73u259W), and Sharon (41u529N, 73u269W) . During and prior to 1992, there was little or no evidence of infected I. scapularis ticks on deer in this region of the state (Magnarelli et al., 1993) .
In the mark-release-recapture program, deer were captured by using an explosiveinjection dart rifle system (Pneu-Dart, Inc., Williamsport, Pennsylvania, USA) equipped with a 4-power scope. Darts contained a combination of 367 mg of zolazepam hydrochloride and tiletamine hydrochloride (TealzolH, Fort Dodge Animal Health, Fort Dodge, Iowa, USA) and 220 mg of xylazine hydrochloride (RompunH, Bayer Corp., Pittsburgh, Pennsylvania, USA). Some darts contained a transmitter for aid in locating a sedated animal (Kilpatrick et al., 1996) . Tranquilized animals were blindfolded and PuralubeH (Fougera, Melville, New York, USA) was applied to the animals' eyes to prevent desiccation of the cornea. After determining age, about 20 ml of blood were drawn, transferred to four, 5-ml vacutainerH (PB, Franklin Lakes, New Jersey, USA) vials and subsequently refrigerated. The effects of Rompun were reversed by injecting 200 mg (a dosage of about 3.0 mg/kg) of tolazoline hydrochloride (TolazineH, Lloyd, Inc., Shenandoah, Iowa, USA). Deer-capture procedures were conducted under the authority of the Wildlife Division, Connecticut Department of Environmental Protection and followed guidelines of the American Society of Mammalogists for the use of wild animals in research (Gannon and Sikes, 2007) . Research protocols for tranquilizing deer were approved by the Institutional Animal Care and Use Committee at the CAES (permit P08-00).
Separate polyvalent enzyme-linked immunosorbent assays (ELISA), evaluated and described earlier (Magnarelli et al., 2004a) , were used to detect antibodies to whole-cell B. burgdorferi (strain 2591) and a recombinant antigen (VlsE) of this pathogen. An ELISA was used to measure total antibodies to recombinant protein (p) 44 of A. phagocytophilum, whereas indirect fluorescent antibody (IFA) staining methods detected antibodies to whole-cell strain NCH-1 of A. phagocytophilum. In earlier studies (Magnarelli et al., 2002 (Magnarelli et al., , 2004a (Magnarelli et al., , 2006 Magnarelli and Fikrig, 2005) , both recombinant antigens had high assay sensitivity and specificity and preliminary results indicated high concordance of test results for assays with whole-cell or recombinant antigens. Consistency of antigen reactivity and reproducibility of test results are important in the performance of antibodydetection assays. Therefore, we included recombinant antigens in this study to further assess their value in confirming results of the conventional whole-cell-based assays. Recombinant VlsE1-HIS was kindly provided by S. J. Norris (University of Texas Medical School at Houston, Houston, Texas, USA). Details on the production of this His 6 -tagged version of the full-length VlsE protein have been report-ed (Lawrenz et al., 1999) . The p44 antigen, a major outer membrane component of A. phagocytophilum, was produced at Yale University from a human isolate (NCH-1 strain) and was the same antigen tested before with human and deer sera (IJdo et al., 1999; Magnarelli et al., 2004a) . Deer sera were diluted in phosphate-buffered saline solution (PBSS) to 1:160, 1:320, and 1:640, and if positive by initial screening, samples were retested on another day to determine titration endpoints and reproducibility of results. Materials and methods used before to conduct antibody tests included positive and negative serum controls and checks for PBSS, conjugates, and components of fused proteins (i.e., maltose-binding protein or glutathione Stransferase). Assay performance was monitored over the course of the study to ensure standardization and determine variability of results obtained on different days of testing. Assay standardization is critical in assuring accuracy when different lots of antigens and other reagents are used over several months.
To determine significant differences in percentages of positive results, a z-test was applied. The Yates' correction was included in statistical analyses as a part of the statistical software program (SigmaStat, SPSS, Inc., Chicago, Illinois, USA).
RESULTS
Deer ages varied for the 105 subjects examined. A minimum age of 0.5 yr was recorded during February (n55), March (n56), and October through December (n583), whereas a minimum age of 1.5 yr was noted for deer examined in January (n56), August (n53), and September (n52). Mean ages of 4.0 and 4.2 yr were recorded for subjects in January and February and ranged between 3.2 and 3.9 yr for September through December. Mean ages of 2.1 and 2.2 yr were recorded in March and August.
Deer sera contained antibodies to B. burgdorferi and A. phagocytophilum during different seasons (Table 1) . Relatively high concentrations of antibodies (range 1:640-1:5,120) to B. burgdorferi and A. phagocytophilum were detected in sera in most months, regardless of antigen or assay used. A maximum antibody titer of 1:10,240 was recorded for B. burgdorferi when blood was collected during November 1999 and October 2000. The highest titer for A. phagocytophilum (1:40,960) was recorded for a sample obtained in November 1996. There were 18 or more sera collected during 4 mo; prevalence of B. burgdorferi antibodies ranged from 49% to 83% in an ELISA containing whole-cell antigens, whereas prevalence ranged from 44% to 83% when the VlsE Connecticut, 1992 Connecticut, , 1993 Connecticut, , 1996 Connecticut, , 1999 Connecticut, , and 2000 Connecticut, -2006 antigen was tested. Similar seasonal variability was noted when whole-cell antigens of A. phagocytophilum were tested by IFA staining methods or when the p44 antigen was included in an ELISA. Nonetheless, there was high concordance in results when overall antibody prevalence detected by whole-cell antigen (63%) was compared to that of the recombinant VlsE antigen (59%). The difference in antibody prevalence determined by these two methods was not statistically significant (z50.771, P50.441). Statistical analyses of overall antibody prevalences determined by whole-cell and recombinant antigens of A. phagocytophilum (55% and 63% respectively) indicated that they were likewise not significantly different (z51.625, P50.104).
There was coexistence of antibodies to whole-cell B. burgdorferi and A. phagocytophilum in deer at forested sites in 29 towns or cities. Of 224 sera, 72 (32%) contained antibodies to whole-cell antigens of both pathogens or were negative (n540, 18%); overall concordance was 50%. The remaining 112 sera were either positive to B. burgdorferi antigens and negative to A. phagocytophilum (n569, 31%) or had opposite results (n543, 19%). Examination of subsets of data, representing samples collected in Bridgeport during 1992 (n524) and in North Branford for 2000 through 2006 (n594), revealed that differences in concordance rates (13% and 55%, respectively) were statistically significant (z53.453, P,0.001). At Bridgeport, three of 24 sera contained antibodies to both antigens. Antibody prevalence for B. burgdorferi (n519 positives) greatly exceeded that for A. phagocytophilum (n54 positives). At North Branford, 36 of 94 sera contained antibodies to both antigens, whereas 16 sera were negative in both tests.
There was good agreement in assay results when whole-cell and recombinant antigens were used. Based on the analyses of the 94 sera representing the North Branford site, there were 44 positive reactions to whole-cell and VlsE antigens of B. burgdorferi and 43 negative reactions for both antigens in ELISA, resulting in 93% agreement. The remaining seven samples reacted positively to whole-cell antigen and negatively to the VlsE antigen.
Comparative results for whole-cell antigens of A. phagocytophilum by IFA staining methods and the p44 recombinant antigen in an ELISA revealed 83% agreement; 55 sera were positive to both antigens, whereas 23 sera were negative in both tests. The remaining 16 sera were positive to p44 and negative to whole-cell antigen (n59) or vice versa (n57).
There was minimal variation in antibody titers when sera were reanalyzed within a 4-day period. In tests of seven positive sera for B. burgdorferi antibodies, titration endpoints were unchanged for three samples or varied by twofold for four samples when assays contained whole-cell antigens. Similar results were recorded when the VlsE antigen was incorporated in an ELISA. Titers were identical for two samples or varied by twofold (n53 samples) or fourfold (n52). The three negative sera remained nonreactive in the second trial. Similar reproducibility results were obtained for whole-cell and recombinant antigens of A. phagocytophilum. In tests of seven sera with whole-cell antigen by IFA staining methods, antibody titers were identical (n54 samples) or varied by twofold (n52) or fourfold (n51). When sera were tested by an ELISA with the p44 antigen, antibody titers were the same for one sample or varied by twofold (n54) or fourfold (n52). Results for the two negative sera remained unchanged in duplicate testing.
During a 7-yr study conducted in North Branford, antibodies to B. burgdorferi and A. phagocytophilum were detected in deer sera each year. In analyses of 94 sera, overall antibody prevalences for A. phagocytophilum were higher than those recorded for B. burgdorferi (Table 2) , regardless of the antigens or assays used. Differences in antibody prevalences for whole-cell A. phagocytophilum (66%) and B. burgdorferi (54%) were statistically insignificant (z51.530, P50.126). However, the antibody prevalence for the p44 antigen (67%) was significantly greater (z52.352, P50.019) than that recorded for the VlsE antigen (49%) of B. burgdorferi.
Multiple blood samples were collected from eight deer in a mark-release-recapture program to determine changes in antibody concentrations. Deer ages varied from 0.4 yr to 12.7 yr (Table 3 ). In analyses for B. burgdorferi antibodies in an ELISA with whole-cell antigens, results for paired sera revealed a seroconversion for one animal (deer #8). Results for the remaining deer indicated no fourfold or greater changes in antibody titers. In other tests for antibodies to whole-cell antigens of A. phagocytophilum, there were two deer in which changes exceeded normal twofold assay variability, indicative of seroconversion (deer #1) or a possible seroconversion or increase in titer due to re-exposure (deer #6). There were no reversions in titration endpoints.
DISCUSSION
Antibodies to B. burgdorferi and A. phagocytophilum were present in blood of deer of varying ages and during different seasons over 11 yr. In studies of recaptured deer, minimal changes in antibody titer were noted for animals during sampling intervals of several months or years. When deer were inoculated with B. burgdorferi (Luttrell et al., 1994) , antibody responses occurred rapidly and peaked at 6 to 7 wk. Similar experiments, conducted with a human isolate of A. phagocytophilum (Tate et al., 2005) , revealed antibody production between 14 and 24 days postinfection; two deer maintained antibody titers at the end of the 66-day study. With heavy parasitism by I. scapularis nymphs and adults occurring over several months, it is likely that immune systems in deer are continually responding to tick-borne agents. Frequent tick feedings and persistence of antibodies in deer following infections probably contributed greatly to the relatively high antibody prevalences recorded in this study. Although sample sizes during some months were low, obtaining large numbers of deer blood samples during November and December, as a part of deer-harvest programs, is a suitable approach for conducting serosurveillance for both bacteria. This parallels two studies in Minnesota (Gill et al., 1993 (Gill et al., , 1994 , where (54) 47 (50) 62 (66) 63 (67) a Whole-cell (WC) and VlsE antigens of B. burgdorferi tested by an ELISA. WC and p44 antigens of A. phagocytophilum tested by an IFA and ELISA, respectively.
sampling hunter-killed white-tailed deer during this period helped to delineate the geographic distribution of I. scapularis and B. burgdorferi. Coexistence of antibodies to B. burgdorferi and A. phagocytophilum and suggested or culture-confirmed coinfections in humans, deer, and white-footed mice in the northeastern United States are well-documented (Nadelman et al., 1997; Magnarelli et al., 1998a Magnarelli et al., , 2004a Magnarelli et al., , 2006 Swanson et al., 2006) . Earlier work on assessing specificity of deer sera revealed little or no cross-reactivity when sera containing homologous antibodies were tested with heterologous antigens (Magnarelli et al., 2004a) . High assay specificity was reaffirmed in our study when three deer, marked, released, and recaptured in North Branford, had antibodies to A. phagocytophilum but lacked serologic evidence of exposure to B. burgdorferi. Abundance of infected ticks and virulence for these bacteria probably vary among sites. If prevalence of dually infected ticks is low, as demonstrated in regions of the United States (Swanson et al., 2006) , then relatively high rates of possible coinfection are probably a result of numerous tick feedings and persistence of antibodies over extended periods. Even if a given tick carries both bacteria, these organisms might not be transmitted simultaneously because of possible competitive interactions between the agents in the tick host. Alternatively, in studies of mice (Thomas et al., 2001; Holden et al., 2005) , dual infections of B. burgdorferi and A. phagocytophilum altered immune responses in these hosts and increased pathogen burden, which resulted in increased transmission to the tick vector. Although little is known about competitive or cooperative interactions among pathogens in ticks, coinfections could potentially modulate transmission dynamics from rodents to ticks or from ticks to vertebrate hosts (Thompson et al., 2001 ). Therefore, inter- actions occurring among I. scapularis ticks, pathogens of high or low virulence, and rodent reservoir hosts in nature ultimately could be important factors in how deer respond in producing antibodies to infectious agents following tick bites. Utilization of recombinant VlsE or p44 antigens in the ELISA format was useful in confirming results of assays containing whole-cell antigens. Two-tiered testing protocols are commonly followed in analyses of human sera for laboratory diagnosis of Lyme disease. An ELISA with whole cells is used for initial screening of large numbers of sera and, if positive, Western blot analysis is conducted for confirmation. In general, both methods aid laboratory diagnosis. Immunoblotting methods have been helpful in research studies of deer and other mammals. In analyses of deer sera positive for antibodies to B. burgdorferi by ELISA (Gill et al., 1994) , 14 antigens were reactive in immunoblots. Western blot analysis, however, has limitations because these methods are laborintensive and more expensive than an ELISA. Moreover, immunoblotting results can sometimes be inconclusive if there are comigrating proteins of similar molecular masses (Dressler et al., 1993; Magnarelli et al., 2004b) . Interpreting results is unreliable when several bands are clustered within a narrow range of molecular masses. Our assay results with recombinant antigens were highly reproducible and had minimal variations in titration endpoints when tests were conducted on different days. Moreover, there was good agreement in results of recombinantbased and whole-cell analyses. Having high specificity, both recombinant antigens used in our study were useful in confirming past or current infections of B. burgdorferi or A. phagocytophilum in deer and in increasing efficiency of laboratory testing.
Pathogen strain diversity should be considered when interpreting serologic test results. Different strains or genospecies of B. burgdorferi sensu lato and A. phagocytophilum occur on different continents, and genetic and pathogenic diversity varies among strains (Strle et al., 1997; Baranton et al., 2001; Steere et al., 2005; Schneider et al., 2008; Foley et al., 2009; Rudenko et al., 2009) . For example, different isolates of Borrelia have been isolated from ticks in northeastern USA (Anderson et al., 1988 (Anderson et al., , 1990 . Strain 25015, now considered to be a variant in genospecies Borrelia bissettii (Schneider et al., 2008) , occurs in Europe as well, and along with other B. bissettii isolates from Colorado, USA, caused manifestations of disease in mice. Borrelia bissettii strain 25015 is believed to be a causative agent of human Lyme borreliosis in Eastern Europe. Other isolates of B. bissettii from British Columbia, Canada, however, did not cause sustainable infection in mice. In serologic analyses, strain differences among isolates 25015 and B. burgdorferi sensu stricto N40 did not affect antibody test results (Anderson et al., 1990) . There are several common surface and flagellar antigens shared among several B. burgdorferi sensu lato strains, and when antibodies are produced, there is usually robust antigen-antibody complex formation in an ELISA. Clearly, there are several B. burgdorferi sensu lato strains circulating in tick-infested temperate regions, particularly in Eurasia, and that positive serologic test results for vertebrate hosts might not necessarily indicate the presence of a highly pathogenic strain. Nonetheless, serologic findings are still useful in revealing or monitoring the presence of Borrelia species in sites where I. scapularis and related tick species have become newly established as the geographic ranges of relevant vectors continue to expand. Supportive evidence on the occurrence of human cases; isolation of infectious agents from deer, rodents, and other vertebrate hosts; and on the molecular identification of specific variants present in ticks and mammals ultimately would be required to confirm the presence of the specific agents in suspected foci.
Distinct and ecologically relevant strains of A. phagocytophilum occur in North America and Europe (Massung et al., 2007; Baldridge et al., 2009; Foley et al., 2009) . The Ap-variant 1 (AP-V1), found in I. scapularis ticks and deer in North America, has not been linked to human disease and does not infect whitefooted mice; different phenotypes of this bacterium have been associated with sciurids and wood rats (Neotoma fuscipes) in western North America. The Ap-ha strains, however, cause human disease and infect white-footed mice. Although a human isolate infected white-tailed deer experimentally (Tate et al., 2005) , there is no evidence that Ap-ha strains infect deer in nature. In this study, we used a human isolate of A. phagocytophilum (NCH-1 strain) to produce whole-cell and recombinant p44 antigens. Earlier work (Magnarelli et al., 1998b) showed that human sera from ill patients reacted similarly to whole cells of this strain and to two other human isolates (RCH and Webster strains), as well as to whole-cell antigens prepared from horse-derived infected neutrophils of the MRK and BDS strains. Our serologic tests cannot distinguish antibodies produced to the Ap-variant 1 or Ap-ha strains of A. phagocytophilum, both of which might coexist at numerous sites. Nonetheless, as in studies of Borrelia species, serologic test results for deer and mice have value in identifying potential foci for A. phagocytophilum at selected sites, particularly as an initial step in determining if this pathogen is present in tick-infested areas. Further studies on the isolation and molecular identification of the Ap-ha strains are needed to determine if other rodent or mammalian species are reservoirs for these pathogens.
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